Background: Diabetes mellitus (DM) represents a major health problem worldwide. Recent studies have confirmed that obesity is a state of chronic inflammation that is characterised by increased concentrations of tumour necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and other inflammatory markers. It has been reported that increased TNF-α and IL-6 cause an immunological disturbance in DM. In the present study, the levels of fasting glucose, TNF-α and IL-6 were estimated in order to determine whether adalimumab can improve the glucose levels in obese diabetic rats.
secreted by the macrophages, although it is also secreted by a wide variety of other cells, including the adipocytes (10) . TNF-α inhibits insulin transduction, and it has an impact on glucose metabolism (11) . Disturbances in the metabolism of TNF-α have been implicated in various metabolic disorders, such as obesity and insulin resistance (12) , indicating that changes in the metabolism of TNF-α may affect the onset of T2DM, as well as the progression of the disease. IL-6 is an interleukin that acts as both a proinflammatory cytokine and an anti-inflammatory cytokine.
High levels of both IL-6 and TNF-α have been reported to be associated with insulin resistance in the adipocytes, hepatocytes and myocytes (13) (14) (15) . Further, raised serum IL-6 and TNF-α levels in T2DM patients were found to be associated with an increased body mass index (BMI) (16) . In a prospective study involving American females, the baseline CRP and IL-6 levels were found to be significantly higher in those who later developed T2DM (17) .
Obesity has both genetic and environmental causes. It has a strong influence on the development of T2DM. Emerging evidence indicates that T2DM is a chronic inflammatory disease in which increased levels of cytokines are produced under various stimuli, such as overnutrition, increasing age and genetic or fetal metabolic preprogramming (18, 19) . The associated chronic inflammation will result in glucose intolerance, diabetes and eventually, diabetic complications.
In addition to T2DM, obesity has also been reported to be associated with a systemic yet chronic inflammatory response characterised by altered cytokine production and the activation of inflammatory signaling pathways. Indeed, many reports have demonstrated the linkage between the increased production of inflammatory cytokines, such as TNF-α, IL-6 and certain adipokines, during the inflammatory process in obesity and the development of insulin resistance (20) (21) (22) .
Anti-tumour necrosis factor (anti-TNF) drugs are a class of drugs used worldwide to treat inflammatory conditions. The currently available TNF-α inhibitors (etanercept, infliximab, adalimumab, certolizumab pegol and golimumab) aim to block the pro-inflammatory actions of this cytokine (23) . Interestingly, the TNF-α inhibitors may also play a role in glycemic control, since the TNF-α molecule is known to
Introduction
Diabetes mellitus (DM), perhaps more commonly referred to as diabetes, is a group of metabolic diseases in which high blood sugar levels are observed over a prolonged period. The worldwide prevalence of DM was estimated to be 171 million people in 2010, and it is projected to increase to 366 million people by 2030 (1) . In Nigeria, the prevalence of DM has been increasing steadily since 1971, although the reported prevalence values have not been uniform (i.e., they vary with different tribes, cultures and food values). However, in its current Diabetes Atlas, the International Diabetic Federation has recorded the prevalence of DM as 3.9% (5.5 million people), which positions Nigeria among those countries with a very high prevalence of diabetes (2) .
DM is a serious and growing health concern worldwide, and it is associated with severe, acute and chronic complications that negatively influence both the quality of life and the survival of affected individuals. Recent studies have confirmed that obesity is a state of low-grade chronic inflammation that is characterised by increased concentrations of C-reactive protein (CRP), tumour necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and other inflammatory markers in the blood (3). The level of insulin resistance is known to be associated with the increased occurrence of myocardial infarction, stroke and peripheral vascular disease (4) . Further, the levels of pro-inflammatory cytokines have been found to be increased in patients with type II diabetes mellitus (T2DM) (5) .
TNF-α alters insulin sensitivity by means of altering different key steps involved in the insulin signaling pathway (6) . The activation of pro-inflammatory pathways following exposure to TNF-α and IL-6 induces a state of insulin resistance in terms of the glucose uptake in the myocytes and adipocytes, which impairs insulin signaling at the level of the insulin receptor substrate proteins, subsequently resulting in hyperglycemia (7) . Increased TNF-α and IL-6 production has been observed in adipose tissue taken from obese rodent or human subjects, and they have also been implicated as causative factors in obesity-associated insulin resistance and the pathogenesis of T2DM (8) .
TNF-α is an adipocytokine involved in systemic inflammation that stimulates the acute phase reaction (9) . TNF-α is primarily
Ethical Considerations
Ethical approval for the present study was obtained from the ethical review board of UDUS (UDUS/HREC/2016/NO.289).
Study Design
This study is an experimental animal research study. Twenty-eight male Wistar rats were randomly assigned to one of four groups as follows:
Group 1: Obese, diabetic rats treated with 50 mg of adalimumab (n = 7).
Group 2: Obese, diabetic rats untreated (n = 7).
Group 3: Obese, non-diabetic rats serving as obese controls (n = 7).
Group 4: Non-obese, non-diabetic rats serving as controls (n = 7).
Induction of Obesity
The experimental obesity condition was achieved by placing the rats in groups 1, 2 and 3 on a high-fat diet with a total kcal value of 40 kJ/kg (20% fat, 45% carbohydrate and 22% protein), which was prepared by mixing 40% of the normal diet with 60% of groundnut cake (29) . The rats in the control group (group 4) were fed with a regular chow diet, which was sourced from Grand Cereals and Oil Mills Limited (Jos, Nigeria) throughout the study. The rats in all the groups were maintained on their diets for four weeks.
Induction of Diabetes
T2DM was induced according to the method proposed by Zhang et al. (30) . The rats in groups 1 and 2 were treated with a low dose (30 mg) of STZ (Sigma-Aldrich, St. Louis, MO). A single low dose of STZ (30 mg/kg, dissolved in normal saline) was intraperitoneally (IP) injected into each rat following 12 h of fasting. The control rats (groups 3 and 4) received a similar injection of just normal saline. Then, a 5% glucose solution was used as their drinking water for 24 h.
Inclusion and exclusion criteria
Some 72 h after the STZ injection, the rats were fasted overnight, and their fasting blood glucose levels were estimated using the AccuChek rapid test. Only those rats from groups 1 and 2 that exhibited a fasting blood glucose level of ≥ 7.1 mmol/L (≥ 126 mg/dl) were included in the study for further treatment. affect glucose homeostasis. Hence, the outcomes affecting glycemic control may represent a side effect that is currently underpublicised in the literature. The evidence linking inflammation and DM dates back more than a century. Studies involving mice have shown positive correlation between the quantity of TNF-α and insulin resistance (24) . Additionally, this finding has been confirmed in studies involving humans, including those with and those without T2DM (25) .
Adalimumab is a fully humanised immunoglobulin G1 (IgG1) monoclonal antibody to TNF-α that has been approved for the treatment of rheumatoid arthritis psoriatic arthritis, and psoriasis (26) . It binds to the soluble and transmembrane forms of TNF-α with high affinity, thereby preventing the TNF-α from binding to its receptors (27) . Adalimumab (Humira; Abbott Laboratories) was originally genetically engineered using phage display technology, and it is structurally and functionally analogous to naturally occurring human IgG1 (28) . The mechanism of action of adalimumab, as explained above, involves blocking the interaction of TNF-α with the p55 and p75 TNF-α cell surface receptors (28) .
As recent studies have indicated that agents capable of improving insulin sensitivity may be of great value in the treatment of T2DM, it is highly important to investigate whether insulin resistance and its clinical correlates can be reversed using therapies aimed at the neutralisation of TNF-α.
The aim of the present study is therefore to assess the effect of adalimumab, an anti-TNF-α drug, on the glucose and TNF-α levels in streptozotocin (STZ)-induced diabetic rats.
Materials and Methods

Experimental Animals
Twenty-eight male Albino Wistar rats weighing 120-140 g and aged 8-12 weeks were purchased from the Animal House, Faculty of Pharmaceutical Sciences, Usmanu Danfodiyo University (UDUS), Sokoto, Nigeria. The animals were housed in standard cages during the months of July and August 2016, and they were acclimatised on normal diets for one week before they were fed with the experimental diets. All the animals were kept at a constant room temperature (25 °C-30 °C), in a 12/12 h light/ dark cycle, with free access to food and water.
Principle of the test
When using standard sandwich ELISA technology, in order to detect antigens, the wells of the microtiter plates are coated with a specific (capture) antibody, which is followed by incubation with the test solutions (serum) containing antigens. The unbound antigen is washed out and an antigen-specific antibody conjugated to the enzyme (i.e., developing reagent) is added, which is followed by another incubation. The unbound conjugate is washed out and a substrate is added. After another incubation, the degree of substrate hydrolysis is measured. The amount of the substrate that is hydrolysed is proportional to the amount of the antigen in the test solution. The generated calibration curve was used to extrapolate the concentration of the TNF-α in the specimen.
Estimation of IL-6
The serum IL-6 levels of the rats were also quantified using the sandwich ELISA method (supplied by WKEA Med Supplies Corp., Changchun, China).
Principle of the test
When using standard sandwich ELISA technology, in order to detect antigens, the wells of the microtiter plates are coated with a specific (capture) antibody, which is followed by incubation with the test solutions (serum) containing antigens. The unbound antigen is washed out and an antigen-specific antibody conjugated to the enzyme (i.e., developing reagent) is added, which is followed by another incubation. The unbound conjugate is washed out and a substrate is added. After another incubation, the degree of substrate hydrolysis is measured. The amount of substrate that is hydrolysed is proportional to the amount of the antigen in the test solution. The generated calibration curve was used to extrapolate the concentration of the IL-6 in the specimen.
Data Analysis
The data generated in this research study were analysed with the Statistical Package for the Social Sciences (IBM SPSS Statistics), version 24, using a one-way ANOVA and an ANCOVA. All data are presented as the mean (standard error of the mean [SEM]). When significant differences were observed, a post-hoc analysis was conducted in the form of a pair-wise comparison. A P-value of less than 0.05 (P < 0.05) was considered to be statistically significant.
Treatment
The following treatment was administered following the induction of diabetes. Adalimumab (obtained from Humira; Abbott Laboratories, Abbott Park, IL; accession number: BTD00049) was simultaneously IP administered at a rate of 50 mg/kg to rats in group 1 on day 3 and day 10 (i.e., a week apart) following diabetes induction. This dosage was recommended by Mustafa et al. (31) . The rats in groups 2, 3 and 4 received a similar injection of just normal saline. Samples were collected 48 h after the second adalimumab injection.
Sample and Data Collection
On the last day of treatment, the rats were fasted overnight and then anaesthetised by dropping each rat into a transparent plastic jar saturated with chloroform vapour. Blood samples were obtained by means of cardiac puncture and then collected into fluoride oxalate and plain containers. The weights of the animals were measured using a weighing scale in grams (g), their lengths were measured with a measuring tape in centimeters (cm), while their BMIs (g/cm 
Analytical Methods
Estimation of Plasma Glucose
The plasma glucose levels of the rats were estimated using the oxidase-peroxidase method (32) .
Principle of the test
Glucose oxidase (GOD) catalyses the oxidation of glucose in order to give hydrogen peroxide (H 2 O 2 ) and gluconic acid. In the presence of the peroxidase (POD) enzyme, hydrogen peroxide is broken down, with the resultant oxygen reacting with both 4-aminophenazone (4-aminoantipyrine) and phenol to give a pink colour. The absorbance of the pink colour is directly proportional to the concentration of the glucose in the sample.
Estimation of TNF-α
The serum TNF-α levels of the rats were estimated using the sandwich enzyme-linked immunosorbent assay (ELISA) method (supplied by WKEA Med Supplies Corp., Changchun, China). the body weights of the treated diabetic rats when compared to their untreated diabetic counterparts. Table 2 demonstrates the diabetogenic effect of STZ in terms of inducing experimental DM in rats, as well as the effect of adalimumab on the plasma glucose levels of the treated, untreated, obese and non-obese rats. The results concerning the mean (SEM) fasting blood glucose concentrations (mmol/L) where significantly (P < 0.001) higher in the treated diabetic rats ( A statistically significant difference (P < 0.001) was found in terms of the fasting blood glucose level of the untreated diabetic rats when compared with the adalimumab-treated rats. Correspondingly, a significant difference was observed in the fasting blood glucose levels of the adalimumab-treaded and untreated diabetic rats when compared to the obese non-diabetic rats (P = 0.004 and P < 0.001, respectively).
Results
The results obtained in this study are presented in Tables 1-4 . The results depicted in Table 1 Values are mean (SEM); n = number of subjects; group 1 = obese, diabetic, treated rats; group 2 = obese, diabetic, untreated rats; group 3 = obese, non-diabetic, control rats; group 4 = non-obese, non-diabetic, control rats Values are mean (SEM); n = number of subjects; group 1 = obese, diabetic, treated rats; group 2 = obese, diabetic, untreated rats; group 3 = obese, non-diabetic, control rats; group 4 = non-obese, non-diabetic, control rats A comparison of the mean (SEM) serum TNF-α concentrations (ng/L) of the groups is presented in Table 3 Similarly, the mean (SEM) of the TNF-α concentration was significantly lower (P < 0.001) in the adalimumab-treated rats than in the untreated diabetic rats and obese non-diabetic rats. Additionally, a significantly higher (P < 0.001) TNF-α concentration was observed in the untreated diabetic rats when compared to the obese non-diabetic rats. Table 4 shows the mean (SEM) serum concentrations of IL-6 (ng/L) among the groups. The mean (SEM) IL-6 concentrations of the adalimumab-treated diabetic rats (22.89 [0.45] ng/L), untreated diabetic rats (21.00 [0.40] ng/L) and obese non-diabetic rats (31.80 [1.32] ng/L) were significantly higher (P < 0.001, P < 0.04 and P < 0.001, respectively) than the concentration of the non-obese non-diabetic control rats (18.70 [0.37] ng/L). Values are mean (SEM); n = number of subjects; group 1 = obese, diabetic, treated rats; group 2 = obese, diabetic, untreated rats; group 3 = obese, non-diabetic, control rats; group 4 = non-obese, non-diabetic, control rats Dallatu et al. (33) reported the effect of DM on the body weight of rats, and they noted that the diabetic unsupplemented rats exhibited a lower body weight than the non-diabetic rats. They explained that polyphagia and polyuria with glycosuria are both hallmarks of the diabetic state, with these conditions and others contributing to the wastage typically seen in diabetic subjects. The mobilisation of body fats and proteins as alternative sources of energy, in addition to nitrogenous wastage, in the diabetic state might also contribute to the body weight depreciation (28) . Dallatu et al. (33) further reported the beneficial effect of antioxidants on body weight, especially in DM.
In the present study, it was observed that the administration of adalimumab causes a significant decrease in the fasting blood glucose levels of treated rats when compared with the levels seen in untreated rats. Correspondingly, this study showed a significant increase in the fasting blood glucose levels seen in the untreated obese, diabetic rats when compared to those seen in adalimumab-treated obese diabetic rats. Furthermore, a significant difference was found in the mean fasting glucose concentrations between the untreated obese diabetic rats and the obese non-diabetic rats. Additionally, the findings of this study showed that the mean TNF-α concentration in the non-obese nondiabetic rats was significantly lower than the concentrations seen in the treated obese diabetic rats and the untreated diabetic rats. The increase in the mean TNF-α value was more marked in the untreated diabetic rats than in the treated diabetic rats. Similarly, the mean TNF-α concentration was observed to be significantly higher in the obese rats than in the non-obese control rats. Jadwiga et al. (34) reported a similar finding in a case series study wherein none of their patients had a personal history of either type I or type II DM. On a molecular level, the TNF-α molecule appears to inhibit the insulinmediated uptake of glucose in adipose tissue via the mechanism of down-regulating the GLUT4 receptor. This could lead to a state of insulin resistance, with a subsequent increase in blood glucose levels (35) . It is possible that, in the animals presented here, the action of the TNF-α inhibitors brought about increased insulin sensitivity due to the blockade of TNF-α in the adipose tissue (36) . Hence, this could represent a potential mechanism for the development of the low blood glucose readings observed in the present study.
Similarly, the mean (SEM) of the IL-6 concentration was significantly lower (P < 0.001) in the adalimumab-treated rats than in the obese non-diabetic rats. Additionally, a significantly lower (P < 0.001) IL-6 concentration was observed in the untreated diabetic rats when compared to the obese non-diabetic rats. However, no statistically significant difference (P > 0.05) was observed in the IL-6 concentration of the adalimumab-treated rats when compared with the concentrations of their diabetic untreated counterparts. Values are mean (SEM); n = number of subjects; group 1 = obese, diabetic, treated rats; group 2 = obese, diabetic, untreated rats; group 3 = obese, non-diabetic, control rats; group 4 = non-obese, non-diabetic, control rats
Discussion
In the present study, the effect of diabetes mellitus and the administration of adalimumab on the body weights of rats were determined. All the experimental rats used weighed between 120 g and 140 g at the commencement of the study. The mean body weight value of the nonobese, non-diabetic control rats was significantly lower than that of their diabetic counterparts at the end of the study. Similarly, the mean BMI of the non-obese, non-diabetic rats was significantly different from that of the diabetic rats.
obese subjects, and that it is also related to the BMI. Such data provide associative evidence supporting subclinical inflammation as a unifying factor that accelerates the progression of insulin resistance, as well as both the consequent glucose elevation and the development of T2DM. Data derived from this study hence suggest the possible role of TNF-α in the pathophysiology of T2DM, particularly in obese individuals.
The main finding of this study revealed significantly higher levels of IL-6 in the diabetic and obese groups than among the control subjects. Similar to previously reported studies (43, 45, 46) , the present results showed an increased inflammatory status in type 2 diabetes. Previous studies have also shown that the circulating levels of IL-6 are high in T2DM patients (43, 45) . Similar findings were reported in the present study. The in-vivo and in-vitro effects of IL-6 were studied by Bastard et al. (46) in relation to glucose uptake and insulin resistance. They concluded that IL-6 might be involved in the development of both increased blood glucose and insulin resistance (46) . Rotter et al. (47) identified a similar relationship between IL-6 and insulin resistance, in which the IL-6 impairs the insulin signaling pathway in hepatocytes. According to another study, the time-and dose-dependent exposure of skeletal muscles to IL-6 may alter the insulin sensitivity of those skeletal muscles, which may eventually result in an elevation of the blood glucose (48) .
The determination of the serum IL-6 level can be used to identify diabetic patients with a high risk of experiencing future cardiac events, since it stimulates the production of C-reactive protein (49). Ridker et al. (49) studied inflammatory signaling, and they suggested IL-6 as the marker of endothelial damage in elderly men. According to some research groups, IL-6 is simply an inflammatory marker that can determine the systemic inflammatory status. However, taking into account the pleiotropicity of this cytokine, as well as its wide array of actions on various cell types, the high inflammatory signaling mechanisms may precipitate the existing systemic and local inflammatory mechanism.
It has been suggested that T2DM is a disease of the innate immune system responsible for an ongoing cytokine-mediated acute phase response and low-grade chronic inflammation, which may be involved in both atherosclerosis and diabetes mellitus (51) . Therefore, it seems important to determine whether the signs of an The evidence linking inflammation and DM dates back more than a century. For instance, one report showed that chronic treatment with adalimumab for either rheumatoid arthritis or psoriatic arthritis brought about a substantial improvement in insulin sensitivity (37) . In the same study, one patient with T2DM actually reverted to a state in which glucose tolerance was impaired and insulin therapy ceased. Another prior study suggested that glycemic control could improve after 24 months of etanercept therapy (38) . It stands to reason, therefore, that the TNF-α inhibitors used to treat rheumatoid arthritis could indeed induce a state of hypoglycemia following chronic use.
The first evidence that adipocytes obtained from obese animals express markedly increased amounts of TNF-α was presented by Hotamisligil et al. (39) . Later data have shown that TNF-α is also expressed in human adipose tissue, and further, that its plasma concentration in obese subjects is decreased following weight loss (40) . According to Zahran et al. (41) , there is a significant positive correlation between TNF-α and BMI. Moreover, in-vitro studies of human cell lines have confirmed that, when exposed to TNF-α, adipocytes become insulin resistant (42). Mishima et al. (5) found that the level of TNF-α in obese T2DM patients depends on the degree of their insulin resistance, but not on their BMI. Finally, in addition to several indirect lines of evidence, the data derived from this study suggest that TNF-α plays a role in the pathophysiology of T2DM.
Additionally, the findings of this study demonstrated a relationship between the BMI and the TNF-α level in which there is a significant increase in the serum TNF-α concentration with an increase in the BMI, which is in agreement with the findings of the earlier studies by Gwozdziewiczova et al. (43) and Mishima et al. (5) . Bertin et al. (44) detected correlation between the TNF-α level and the BMI with indices of intra-abdominal fat tissue, but not with glycaemia or the total amount of fatty mass in the body. Mishima et al. (5) found that the serum TNF-α concentration in obese individuals with T2DM depends on the degree of their insulin resistance, although it does not depend on their BMI.
The results of the present study demonstrated that the circulating TNF-α levels were significantly elevated in those with T2DM when compared with the normal healthy subjects, particularly in the case of activated innate immune system are present prior to the onset of T2DM. Epidemiological evidence suggests that inflammatory markers, such as TNF-α and IL-6, predict the development of diabetes and glucose disorders (51) . Indeed, TNF-α contributes to the pathogenesis of insulin resistance, T2DM, and abnormal adiposity or lipid disorders (9) .
Conclusion
Based on the findings of this study, the utilised anti-TNF-α agent (adalimumab) reduced the blood glucose levels in diabetic rats. This indicates that it has therapeutic potential in terms of controlling blood glucose and TNF-α. However, additional studies are required to substantiate this effect. An increase in the circulating TNF-α and IL-6 concentrations is associated with increased plasma glucose, body weight and BMI, which supports the idea that inflammatory cytokines play a role in the pathogenesis of diabetes and obesity. The results of this study showed higher concentrations of serum IL-6 in the diabetic group when compared with the controls. This suggests that IL-6, as an inflammatory mediator, is responsible for some underlying changes that contribute to the development of diabetes.
Recommendations
Further investigations concerning the relationship between TNF-α, IL-6 and glucose equilibrium are warranted in human subjects.
